Thiazide diuretics inhibit Na+ and stimulateCa2+ absorption in renal distal convoluted tubules. Experiments were performed on immortalized mouse distal convoluted tubule (MDCIT) cells to determine the mechanism underlying the dissociation of sodium from calcium transport and the stimulation of calcium absorption induced by thiazide diuretics. Control rates of 22Na+ uptake averaged 272±35 nmol min-' mg protein-' and were inhibited 40% by chlorothiazide (CTZ, 10'-M). Control rates of MCl-uptake averaged 340±50 nmol min' mg protein-' and were inhibited 50% by CTZ. CTZ stimulated 4"Ca2" uptake by 45% from resting levels of 2.86±0.26 nmol min' mg protein'. Bumetanide (10 -4 M) had no effect on 22Na +, -6CI -, or 45Ca 2+ uptake. Control levels of intracellular calcium activity ([Ca2+1I) averaged 91±12 nM. CTZ elicited concentration-dependent increases of ICa2+J1 to a maximum of 654±31 nM at 10-4 M. Reduction of extracellular Clor addition of NPPB abolished CTZ-induced hyperpolarization. Direct membrane hyperpolarization increased 45Ca2+ uptake whereas depolarization inhibited 45Ca2+ uptake. CTZ-stimulated 45Ca2+ uptake was inhibited by the Ca2+ channel blocker nifedipine (10-5 M). We conclude that thiazide diuretics block cellular chloride entry mediated by apical membrane NaCl cotransport. Intracellular chloride, which under control conditions is above its equilibrium value, exits the cell through NPPB-sensitive chloride channels. This decrease of intracellular chloride hyperpolarizes MDCT cells and stimulates Ca2+ entry by apical membrane, dihydropyridine-sensitive Ca2+ channels. (J. Clin. Invest. 1992. 90:429-438.) Key 
Introduction
Despite the widespread therapeutic use of thiazide diuretics in the management of hypertension, congestive heart failure, and idiopathic hypercalciuria, the cellular mechanisms underlying their action on both sodium and calcium transport remain unclear. The unique ability of these agents to reduce renal calcium excretion, especially upon chronic administration, while simultaneously promoting that of sodium is a long-standing observation (1) . Renal clearance (2) , micropuncture (3) (4) (5) (6) , and microperfusion (7, 8) experiments identified the distal convoluted tubule as the nephron site at which thiazide diuretics inhibit sodium transport. Distal convoluted tubules are also the site at which thiazide diuretics stimulate calcium absorption (6) . Uncertainty regarding the mechanism by which thiazide diuretics exert these opposing effects on cation transport may be attributable to the incomplete characterization of sodium and calcium absorption in this nephron segment.
Thiazide diuretics decrease distal nephron sodium and chloride absorption (6, 8) but enhance net calcium absorption (6) . These effects require the presence of the drug in the tubular lumen (9, 10) . The mechanism by which calcium transport is stimulated by thiazide diuretics is not known. It is generally accepted that thiazide diuretics do not alter transepithelial voltage (6) . However, recent studies show that thiazide diuretics hyperpolarize plasma membrane voltage with little or no change oftransepithelial voltage in homologous distal nephron structures of the amphibian nephron (11, 12) , the flounder bladder ( 13 ) , and in pilot studies, the rabbit distal convoluted tubule ( 14) . Further, hydrochlorothiazide increases Ca2+ uptake across luminal membranes of distal convoluted tubule cells ( 15) . We recently demonstrated that parathyroid hormone stimulates calcium entry in primary cell cultures ofcortical thick ascending limb and distal convoluted tubule cells by activating dihydropyridine-sensitive calcium channels (16) . Activation of such dihydropyridine-sensitive calcium channels in apical plasma membranes is consistent with the physiological effect ofparathyroid hormone to increase the rate oftransepithelial calcium transport ( 17, 18) . Taken together, these observations suggested a plausible mechanism by which thiazide diuretics might stimulate calcium transport. Specifically, we theorized that inhibition ofchloride entry by thiazide diuretics hyperpolarizes distal convoluted tubule cells, which in turn increases calcium entry. The experiments reported in the present work were undertaken to determine the mechanism ofthiazide-induced hyperpolarization and to test this hypothesis using immortalized distal convoluted tubule cells. The results suggest that thiazide diuretics inhibit NaCl cotransport, resulting in diminished cellular chloride entry, decreased intracellular chloride, membrane hyperpolarization, and increased cal-cium entry. The increase ofcalcium entry is mediated by dihydropyridine-sensitive calcium channels.
Methods
Preparation and cell culture ofimmortalized distal convoluted tubule cells. Cortical thick ascending limb and distal convoluted tubule cells were isolated from mice (CDI; Charles River Breeding Laboratories Inc., Wilmington, MA) with a double-antibody procedure previously described ( 19) and established in primary cell culture. Antibiotics were removed 24 h before transformation. Cells were infected for 24 h with chimeric adenovirus 12-simian virus 40 (AD12/SV40; Dr. J. Rhim, National Cancer Institute). The use of this hybrid construct was employed previously to establish a collecting tubule cell line (20) . After mock infectants had expired (10 50 Mg streptomycin, 100 Mg neomycin/ 100 ml media; Gibco Laboratories, Gaithersburg, MD) in a humidified atmosphere of 95% 02/5% CO2 at 370C. Cell passages 5-21 were used in the present study.
Isotopic Na', Cl-, and Ca2`uptake measurements. A rapid filtration technique reported in previous investigations (21 ) (25) . SPQ leakage was estimated to be -12%/h. Alterations in intracellular chloride are presented as relative changes in SPQ fluorescence.
Preparation ofdrugsolutions andstatisticalevaluation. Chlorothiazide and bumetanide (a gift from Hoffmann-LaRoche, Nutley, NJ) were prepared so that the molar concentration indicated in the text was the final concentration to which cells were exposed. Solutions containing drugs were prepared fresh daily. Chemicals were of the highest grade commercially available. All Na+,36CI-, and45Ca2+ uptake measurements within an experiment were performed in triplicate. The 
Results
Diuretic effects on 22Na+ and 36CV-uptake by cultured MDCT cells. Isolation of cells from mouse kidney cortex using the double-antibody procedure based on the nephron localization ofthe Tamm-Horsfall antigen yields both cortical thick ascending limb and distal convoluted tubule cells ( 19) . Since mouse (26, 27) and human (28) cortical thick ascending limb and distal convoluted tubule cells possess PTH receptors, the distinguishing feature between these cell types is their unique Na' transport characteristics. Apical membrane Na+ entry in cortical thick ascending limbs is mediated by Na:K:2C1 cotransport and is inhibitable by sulfamoyl loop diuretics such as bumetanide or furosemide (29) (30) (31) . Sodium influx across luminal membranes of distal convoluted tubules is thought to be mediated by potassium-independent NaCl cotransport (8, 32, 33) that is selectively inhibited by thiazide diuretics. This distinct pattern ofsensitivity to bumetanide or thiazide diuretics allows discrimination between cortical thick ascending limb and distal convoluted tubule phenotypes.
The effects of the thiazide diuretic, chlorothiazide, and the loop diuretic bumetanide on sodium and chloride uptake by MDCT cells are depicted in Fig. 1 . At an extracellular NaCl concentration of 140 mM, and in the absence ofCO2 and bicarbonate, chlorothiazide (l0-4 M) inhibited 22Na' uptake by 40±5% from 272±35 to 163±29 nmol min-' mg protein-' (P < 0.05) and 3C1-uptake by 50±5% from 340±50 to 172±37 nmol min-' mg protein-' (P < 0.01). In contrast, the same concentration of bumetanide had no demonstrable effect on either 22Na+ or 36C1-uptake. Inhibition of Na+ and Cl-transport by chlorothiazide, coupled with lack ofeffect ofbumetanide, strongly support the view that MDCT cells express a distal convoluted tubule phenotype. Similar rates of 22Na' uptake were noted in the absence of external potassium (data not shown). These observations are consistent with the view that NaCl cotransport is responsible for a major component ofNa+ uptake in these immortalized distal convoluted tubule cells and that chlorothiazide blocks C1-entry by inhibiting NaCl cotransport.
Chlorothiazide-induced decreases ofintracellular chloride. The M) decreased fluorescence by -30%. Upon exchanging the extracellular bathing solution for one devoid of the drug, fluorescence intensity returned to control levels. In contrast to the hyperpolarization elicited by chlorothiazide, bumetanide (10-4 M) had no detectable effect on membrane voltage. As shown in the right-hand portion of the recording, changes in DiOC6(3) fluorescence were calibrated with graded concentrations of extracellular potassium in the presence of the potassium ionophore valinomycin (24) . Resting membrane voltage was calculated from the average null-point value for extracellular potassium (8.13±0.60 mM, n = 8) and the measured intracellular potassium (1 19±9 mM, n = 5) and averaged -72±2 mV (n = 8). If cellular chloride efflux is mediated by chloride channels, then blockade ofthese channels with NPPB would be expected to prevent the hyperpolarization normally induced by chlorothiazide, which in turn should inhibit 45Ca2+ uptake stimulated by the diuretic. Fig. 10 shows that, as before, application of chlorothiazide reversibly hyperpolarized distal convoluted tubule cells. Application ofNPPB ( 10-5 M) alone caused a slight Figure 9 . Effects of reduced extracellular chloride on chlorothiazideinduced membrane hyperpolarization measured with DiOC6 (3) Cellular mechanism ofthiazide-stimulated Ca2 uptake. We recently reported that PTH stimulates Ca2" entry through dihydropyridine-sensitive calcium channels in primary cultures of cortical thick ascending limb and distal convoluted tubule cells (16) . To determine if chlorothiazide-stimulated Ca2" entry is also mediated by dihydropyridine-sensitive channels we examined the effect ofthe calcium channel antagonist nifedipine (10-5 M) on chlorothiazide-stimulated 45Ca2" uptake and on [Ca2+]i. As shown in Table III , nifedipine abolished chlorothiazide-stimulated 45Ca2" uptake. Similarly, the rise of [Ca2+]i evoked by chlorothiazide was completely blocked by nifedipine. In neither instance did nifedipine have any inhibitory action of its own. These results provide additional and direct evidence that calcium entry in distal convoluted tubule cells elicited by chlorothiazide is mediated by dihydropyridinesensitive Ca2" channels and is stimulated by hyperpolarization.
Discussion
Under most physiological conditions, renal sodium and calcium absorption proceed in parallel. However, after certain physiological, pathophysiological, or pharmacological interventions, the absorption of calcium and sodium may be dissociated. In each of these situations the dissociation of calcium and sodium transport occurs in distal convoluted tubules or, depending on the species, the distal nephron segment responsive to PTH or sensitive to thiazide diuretics or to amiloride. The cellular mechanism of action ofthiazide diuretics on Na' absorption has been attributed to inhibition of luminal NaCl cotransport (32, 35) or to parallel Na+/H' and Cl-/HCO3 exchange ( 12). In contrast, the mechanism by which thiazide diuretics stimulate distal tubular Ca2' absorption and the nature of the relations between NaCl absorption and Ca2+ transport have yet to be resolved.
Elucidation of the cellular mechanism responsible for the stimulation of Ca2' absorption by thiazide diuretics has been hampered by the heterogeneity of distal tubule segments. This portion of the nephron is comprised of three morphologically and functionally distinct segments: distal convoluted tubule, connecting tubule, and initial collecting tubule (36) (37) (38) . Furthermore, the short length of distal convoluted tubules (< 0.5 mm) limits direct study by microperfusion techniques. The development and application ofimmunodissection techniques ( 19, 39, 40) to the isolation and primary cell culture with subsequent cell immortalization of distal convoluted tubule cells have greatly facilitated the ability to investigate the mechanisms of Na' and Ca2" transport. The data depicted in Figs. 1 and 3 indicate that MDCT cells express NaCl transport that is selectively inhibited and calcium uptake that is stimulated by chlorothiazide. These results represent a virtual signature of murine distal convoluted tubule cells. Additional preliminary evidence and further characterization of these distal convoluted tubule cells has been published (41) . It should be noted that there is considerable heterogeneity oftransport function in mammalian distal nephron segments. Thus, whereas PTH and thiazide diuretics exert their effects in distal convoluted tubules in mice, rats, and humans (26, 28, 42), similar receptors and transport functions are expressed in connecting tubules in the rabbit (43, 44) . As noted above, in the present study chlorothiazide directly stimulated 45Ca2" uptake and a rise of [Ca2+]i.
Somewhat different results were recently reported by Shimizu et al. (45) . They found that PTH pretreatment of rabbit connecting tubules was necessary to elicit an effect oftrichlormethiazide on calcium transport (45), but not sodium absorption (46) . In our experiments, cells were grown in culture media in which the serum was heat inactivated. Further, cells were serum starved for 18 h before 45Ca2+ uptake experiments or for 1 h before the beginning of experiments in which [Ca2+]i was measured. Hence, the difference between the two studies is unlikely to stem from residual PTH activity in the incubation media we employed. Three hypotheses have been proposed to account for thiazide-induced dissociation of sodium and calcium transport in distal nephrons. One explanation advanced by Walser (47) was that thiazide diuretics reduce the transepithelial voltage and, as a result, decrease the rate of passive calcium backflux into the tubular lumen. Two lines ofevidence have since indicated that the dissociation of Na' from Ca2+ transport after administration of thiazide diuretics does not occur by such a mechanism. First, thiazide diuretics have been shown to have little, if any, effect on transepithelial voltage in mammalian distal convoluted tubules (46) and, second, the passive calcium permeability ofthis nephron segment is remarkably low (6) . An alternative theory proposed by Costanzo and Windhager (48) suggested that the reciprocal association between sodium and calcium transport was a consequence ofbasolateral membrane Na+/Ca2' exchange. According to this explanation, by inhibiting apical membrane sodium entry, thiazide diuretics would be expected to reduce the intracellular Na' concentration. This decrease ofintracellular Na+ would in turn increase the electrochemical gradient for basolateral sodium entry, thereby augmenting calcium efflux through the Na+/Ca2' exchanger. Shimizu et al. (45) reported studies in which the stimulation of calcium absorption by isolated microperfused rabbit connecting tubules was thought to be mediated by increased Na+/Ca2+ exchange. Several lines of evidence introduced in the present study suggest that enhanced Na+/Ca2' exchange is not the primary mechanism by which thiazide diuretics dissociate sodium and calcium absorption in distal convoluted tubules. The observation that chlorothiazide increased intracellular calcium activity (Figs. 4 and 5) and stimulated calcium influx (Fig. 3 (45) .
The mechanism we propose to account for the stimulatory (8) who found that IO-3 M chlorothiazide abolished NaCl absorption in early distal tubules of the rat. Inhibition of sodium uptake by chlorothiazide may have been incomplete in our experiments for two reasons. First, in separate experiments we found that, in addition to NaCl cotransport, sodium entry is mediated by amiloride-sensitive sodium channels (49) . Together, these two entry mechanisms account for -88-90% of ouabain-suppressible sodium accumulation. Shimizu et al. similarly found additive inhibitory effects of trichlormethiazide and amiloride on sodium transport (46) and stimulatory effects on calcium absorption (45) in single microperfused connecting tubules. Second, chlorothiazide is a relatively weak blocker of sodium absorption (50) . More potent thiazide analogs such as polythiazide, cyclothiazide, or metolazone inhibit sodium transport by an additional 5-10%. The reason for the partial inhibition of chloride uptake (Fig. 1 ) by chlorothiazide may be more complicated and relate to the nature of the thiazide binding site on the cell membrane. Tran et al. (51) suggested that the NaCl cotransporter possesses separate binding sites for Na+ and for C1-. The Cl-binding site is shared by thiazide diuretics and by thiazide-like drugs such as metolazone. Sodium binding is thought to increase the affinity of the anion site. The binding of Cl-to the transporter permits Na+ and Cl-influx across the cell membrane. Thiazide diuretics compete with Cl-for the anion binding site on the transporter, thereby preventing the transport of Na+ and Cl-. Indeed, in separate experiments we found that polythiazide inhibited 36CI-accumulation by 81±9% at reduced extracellular chloride concentrations (80 mM) (49) but only by 57% at 140 mM chloride (unpublished observations), consistent with the prediction of Tran et al. ( 51 ) .
According to the proposed mechanism, inhibition of chloride entry into MDCT cells results in a fall of intracellular chloride activity. The fact that chlorothiazide reduced intracellular chloride activity is established by experiments such as that shown in Fig. 2 . Such a decrease implies first that intracellular chloride is above its electrochemical equilibrium, and second, that there is an efflux mechanism for chloride. Control intracellular chloride estimated from the Goldman-Hodgkin-Katz equation was 22 mM, clearly greater than the 10 mM predicted from its passive distribution at the resting membrane voltage, -72 mV. After addition of chlorothiazide, membrane voltage hyperpolarized by 20 mV. The magnitude ofthis hyperpolarization as assessed with the fluorescent probe, DiOC6(3) in the present study (20 mV ) is comparable to that reported by others using conventional microelectrodes: 10-26 mV (1 1-13, 52 ). Hyperpolarization of 20 mV to -90 to -92 mV would correspond to a calculated intracellular chloride activity of 5 mM. After treatment with chlorothiazide, the estimate of the actual change of intracellular chloride derived from the increase in SPQ fluorescence (Fig. 2) (31, 53, 54) .
The observation that the chloride channel blocker NPPB prevented the hyperpolarizing effect ofchlorothiazide (Fig. 10) is consistent with the view that basolateral chloride channels mediate chloride effilux. Further, insofar as NPPB increased intracellular chloride activity and abolished the effect ofchlorothiazide on intracellular chloride activity (Fig. 2) , these data suggest that chloride channels, at least in part, mediate chloride effilux in MDCT cells. A basolateral chloride conductance has been reported in rabbit distal convoluted tubules (55) . The observation that membrane voltage decreased to a greater extent upon a log-fold change in extracellular potassium than to an equivalent change in extracellular chloride (Fig. 9) suggests that MDCT cells also possess plasma membrane potassium channels and that, under control conditions, potassium conductance is greater than chloride conductance. The presence of plasma membrane chloride and potassium channels provides a plausible explanation for the hyperpolarization of membrane voltage induced by chlorothiazide in MDCT cells (Figs. 6 and  7) , the third component of our model. In particular, because intracellular chloride is above its electrochemical equilibrium, chlorothiazide-induced blockade ofchloride entry mediated by the NaCl cotransporter results in a decrease of intracellular chloride since it continues to leave the cell through chloride channels. The fall ofintracellular chloride in turn decreases the magnitude of the chloride equilibrium potential and the cell hyperpolarizes toward the potassium equilibrium voltage. Thus, the mechanism by which thiazide diuretics inhibit NaCl cotransport in distal convoluted tubule cells suggested here follows explicitly the model proposed by Wittner et al. (31 ) for the hyperpolarization of membrane voltage and the inhibitory action of loop diuretics on Na:K:2Cl cotransport in thick ascending limbs.
The fourth element of the mechanism we propose for the stimulatory action of thiazide diuretics on calcium transport requires that the induced hyperpolarization increase calcium entry by distal convoluted tubule cells. The evidence in support of this contention in shown in Fig. 8 and in Tables I and II . In some respects this is the most difficult point to establish, therefore, five independent approaches were employed. First, preventing thiazide-induced hyperpolarization with the chloride channel blocker NPPB abolished the stimulatory effect ofchlorothiazide on 45Ca2" uptake (Table II) . Second, depolarizing membrane voltage by chloride replacement abolished the stimulatory action of chlorothiazide on 45Ca2+ uptake (Table I) . Third, clamping the membrane voltage with valinomycin blocked the inhibitory effect of chloride removal on 45Ca2+ uptake (Table I) . Fourth, clamping the membrane voltage with valinomycin in the presence of normal extracellular chloride blocked the stimulatory effect of chlorothiazide on 45Ca2+ uptake (Table I) . Fifth, directly manipulating the membrane voltage by varying extracellular potassium caused proportionate changes in 45Ca2+ uptake (Fig. 8) . Thus, hyperpolarizing the membrane voltage stimulated 45Ca2+ uptake whereas depolarizing the membrane reduced it.
In previous experiments we found that calcium transport activated by PTH in primary cultures of cortical thick ascending limb plus distal convoluted tubule cells was mediated by dihydropyridine-sensitive calcium channels (16 
